ABSTRACT Phytase supplementation over a range of different levels of dietary Ca and nonphytate phosphorus (NPP) was investigated by comparing surface response curves from regression equations generated with (experiment 1) and without (experiment 2) phytase using various performance and bone quality parameters. Cobb × Cobb broiler chicks were raised from 0 to 16 d in 2 experiments using corn-soybean meal based diets. Experiment 1 used a 4 × 4 factorial arrangement with diets formulated to contain combinations of 4 levels of Ca: 0.38, 0.58, 0.78, and 0.98% and 4 levels of NPP: 0.2, 0.3, 0.4, and 0.5%. Experiment 2 used a composite rotatable design in which rations were formulated to contain dietary Ca levels of 0. 38, 0.47, 0.68, 0.89, and 0.98% and NPP levels of 0.20, 0.24, 0.35, 0.46, and 0.50%. An extra point was included in the design to contain the lowest Ca and lowest NPP levels (0.38% Ca and 0.20% NPP). All combinations of Ca
INTRODUCTION
Current phytase substitution values for nonphytin P (NPP) as well as metabolizable energy and protein seldom take into account the amounts of NPP and Ca already in the diet Yi et al., 1996; Cabahug et al., 1999; Shirley and Edwards, 2003 ). Yet a multitude of different performance and bone disease responses can be induced at different levels of dietary Ca and NPP, even when the ratio of Ca to NPP is maintained (Edwards and Veltmann, 1993; Mitchell and Edwards, 1996a) . Calcium and P have been shown to antagonize each other in the gut of broiler chickens. Several studies have shown that at low levels of NPP, even normal levels of Ca (0.8 to 1.0%) can severely impact bird performance and percentage bone ash and greatly increase the severity and incidence of P rickets in young broilers (Davis, 1959; Waldroup et al., 1963a; MacDonald and Solvyns, 1964;  2005 Poultry Science Association, Inc. Received for publication December 14, 2004 . Accepted for publication March 5, 2005. 1 To whom correspondence should be addressed: jdriver@ jax.org.
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and NPP were fed with 657 phytase units/kg Natuphos 5000 phytase, plus 4 combinations (0.38% Ca and 0.20% NPP, 0.47% Ca and 0.24% NPP, 0.68% Ca and 0.35% NPP, and 0.89% Ca and 0.46% NPP) were fed without phytase to determine the suitability of comparing multiple regression response surfaces for particular variables among experiments. Comparison of surfaces, with and without phytase, showed that growth and bone quality responses to phytase were greatest at low NPP levels and high Ca levels, and these decreased when the Ca level was reduced or when the NPP level was increased. A third experiment confirmed that phytase elicits a greater response at higher Ca levels and lower NPP levels (0.86% Ca and 0.20% NPP) versus low Ca levels and low NPP levels (0.47% Ca and 0.24% NPP). The data demonstrated why it is impossible to determine a single NPP equivalency value for phytase supplements. Kondos and McClymont, 1967) . When Ca levels are reduced in these diets, growth is increased and bone disease is reduced. Broiler chickens are particularly sensitive to the levels of Ca and NPP in the diet compared with egglaying birds (Gardiner, 1969) . These breed differences are probably due to the ability of egg-laying birds to retain more Ca and use phytate P more efficiently than their meat-type counterparts at the same age (Edwards, 1983) .
Most studies conducted to determine phytase equivalency values use normal dietary levels of Ca and low levels of NPP, to which phytase is added at various increments. The responses elicited in these experiments, therefore, are not simply due to an alleviation of a P deficiency through the liberation of phytate P by the enzyme but also include a response from the reduction of a Ca and NPP imbalance.
The objective of the current work was to determine the efficacy of phytase over a wide range of Ca and NPP levels in corn-soybean meal diets. This was done by comparing Ca versus NPP surface response curves generated from regression equations with and without phytase addition for a variety of variables using broiler chickens from 0 to 16 d of age. An additional study from 0 to 16 d with broilers was used to investigate the effect of phytase when dietary NPP and Ca levels are low but balanced (Ca and P levels that precluded the antagonism of each by the other) compared with when Ca and P levels are unbalanced. The unbalanced diet was typical of those fed to determine phytase efficacy, in which the NPP level was low but dietary Ca was relatively high (NRC, 1994 ; NRC-recommended level or higher).
MATERIALS AND METHODS

General Procedures
Day-old Cobb × Cobb straight-run broiler chicks were used in all 3 experiments. The birds were housed in wirefloored battery brooders 2 for 16 d and were provided with water and the dietary treatments ad libitum. At the conclusion of each experiment, birds were killed by asphyxiation using CO 2 . Body weight and feed intakes were measured from 0 to 16 d, and body weight gain (BWG) and feed conversion ratio (FCR) were calculated. Left tibias from all chicks were collected on d 16 for determination of percentage tibia ash on a fat-free dry weight basis (Association of Official Agricultural Chemists, 1995), whereas right tibias were sliced and scored for the severity of bone abnormalities including P rickets, Ca rickets, and tibial dyschondroplasia (TD) as described by Edwards and Veltmann (1983) . Those with a normal growth plate but a lengthened primary spongiosa were classified as having P rickets, and those with a normal spongiosa but a lengthened growth plate were classed as having Ca rickets. TD was characterized as described by Veltmann and Edwards (1983) .
Experimental Diets
Similar corn-soybean based basal diets were mixed for all 3 experiments (Table 1) . Chicks were prevented from consuming or synthesizing vitamin D 3 by feeding them soybean oil in place of animal fat and by housing them in rooms shielded from ultraviolet radiation, respectively. Combinations of monocalcium phosphate, dicalcium phosphate, and limestone were added to each diet at the expense of sand to achieve the desired levels of Ca and NPP. Feeds were analyzed for Ca (Hill, 1955) and total P (TP; O'Neill and Webb, 1970) . Analyzed Ca and TP values were within 0.7 g/kg of predictions from the NRC (1994) ingredient composition tables except for Ca in experiment 1, which was within 1.2 g/kg. The results of experiment 1 are reported for the analyzed Ca and P values due to the discrepancy between analyzed and pre-2 Petersime (www.petersime.com).
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Analysis was performed in vitro with feed by supplier (BASF Corporation, Wyandotte, MI). dicted values. The basal diets in experiments 2 and 3 contained analyzed Ca and P levels close to formulated values; therefore, results were reported for formulated Ca and P values.
Experiment 1
A 4 × 4 factorial arrangement was used consisting of 4 levels of Ca (0.38, 0.58, 0.78, and 0.98%) and 4 levels of NPP (0.2, 0.3, 0.4, and 0.5%), making up a total of 16 dietary treatments (Table 1 and Figure 1 ). Three hundred eighty-four, 1-d-old broiler chicks were randomly allocated to the treatments according to the randomized complete block design used. None of the diets were supplemented with phytase. Three replicates per treatment were used with 8 chicks per replicate.
Experiment 2
Three hundred eighty-four, 1-d-old chicks were fed 1 of 14 corn-soybean-based dietary treatments (Table 1) . The levels of Ca and NPP were formulated according to the central composite rotatable design (Box and Wilson, 1951) so that treatments contained Ca levels of 0.38, 0.47, 0.68, 0.89, and 0.98% and NPP levels of 0.20, 0.24, 0.35, 0.46, and 0.50% (Figure 1 ). An extra diet was included in the design that contained the lowest Ca and lowest NPP levels (0.38% Ca, 0.20% NPP). All combinations of Ca and NPP were fed with 657 phytase units (FTU)/kg 3 Natuphos 5000 (calculated value of 500 FTU/kg) phytase, and 4 combinations (0.38% Ca and 0.20% NPP, 0.47% Ca and 0.24% NPP, 0.68% Ca and 0.35% NPP, and 0.89% Ca and 0.46% NPP) were also fed without phytase ( Figure  1 ). There were 3 replicates per treatment (except 9 replicates for the central point: 0.68% Ca and 0.35% NPP) with 8 chicks per replicate.
Experiment 3
One hundred ninety-two chicks were randomly assigned to treatments in a 2 × 2 factorial arrangement according to the randomized complete block design used. The factorial arrangement consisted of 2 diets [diet Aa diet with low yet balanced levels of Ca and NPP (0.47% Ca and 0.24% NPP) or diet B-an unbalanced diet with a low level of NPP and a normal level of Ca (0.86% Ca and 0.20% NPP)] and 2 levels of Natuphos 5000 phytase (0 or 12,000 FTU/kg). Each of the 4 treatments was fed to 6 pens of 8 birds each.
Statistical Analysis
All 3 experiments were analyzed using the GLM procedure in SAS software (SAS Institute, 2001) . Statistical analysis of the data was performed on analyzed Ca and P values in experiment 1 but on formulated Ca and P values for experiments 2 and 3 for reasons stated above. For experiments 1 and 2, regression analyses were performed testing linear, quadratic, and interaction effects for each (Tables 2 to 5 ). Those effects that were insignificant were removed from the regression using the backwards statistical procedure with a predetermined 5% level of significance (Ott and Longnecker, 2001) . When a quadratic response was obtained for or between Ca and NPP levels for a particular variable, the resulting multiple regression equation was used to predict the response of that variable to different concentrations of dietary Ca and NPP. These predictions are presented graphically as surface responses, which are similar to contour maps ( Figure 2 ; Edwards and Veltmann, 1983) . The 2 coordinates were Ca and P concentrations, which extended to their intercept at a point on the surface of the figure. This point represents the response predicted for the specific variable being measured. The lines represent coordinates at which a common response would be obtained, just as lines on a contour map represent areas of common altitude. The surface responses generated in experiment 1 were calculated from data obtained from chicks fed without phytase, whereas surfaces in experiment 2 were generated from chicks fed 657 FTU/kg Natuphos 5000 phytase. The suitability of contrasting surface responses for particular variables between experiments was evaluated by correlating the observed responses obtained for the 4 phytase-free diets in experiment 2 with 4 predicted responses generated from experiment 1. These calculated values were acquired by substituting the Ca and NPP values used for the phytase-free diets in experiment 2 into the regression formulas obtained from experiment 1 for each variable. Pearson correlation coefficients were generated between observed and calculated values. Those variables that responded strongly to dietary Ca and NPP concentrations generally had higher correlation coefficients, and surface responses were calculated and com- Values are means ± standard errors. TP = total P. pared among experiments (Table 6 ). For variables that responded less dramatically to Ca and NPP, correlations ranged from low to very strongly negative (r = 0.25, −0.88, −0.96, −0.71, and −0.66 for FCR, Ca rickets score, Ca rickets incidence, TD score, and TD incidence, respectively), and surface responses could not be generated due to a lack of the second-order or interaction terms required for their calculation.
RESULTS
Experiment 1
Calcium by NPP surface responses were calculated for the variables BWG, feed intake, percentage tibia ash and P rickets score and incidence ( Figure 2 ). From these surface responses it is evident that a severe P deficiency is induced when Ca concentrations are raised in diets containing low concentrations of P, which results in depressed BWG, feed intake and percentage tibia ash and an increase in P rickets incidence and severity. These symptoms were diminished in birds fed low dietary Ca and the same low concentration of P. When comparing individual diets (Table 2 and 3), it is evident that increasing P reduced P rickets at all concentrations of Ca; however, maximum bone ash was only achieved at the highest concentration of P (0.79% TP) in combination with the highest concentrations of Ca (0.85 and 1.04%). BWG also improved when dietary P increased except at the very lowest concentration of Ca (0.44% Ca) when the highest concentration of P (0.79%) caused a substantial reduction in growth and feed intake (Table 2) . No significant interactions or main effects were observed for FCR (Table 2 ). Higher P concentrations in the diet increased the incidence and severity of both Ca rickets and TD, irrespective of the Ca concentration (Table 3) .
Experiment 2
Surface responses were generated for BWG, percentage tibia ash, and P rickets score and incidence. A significant interaction between Ca and P was found for BWG as increasing Ca at low concentrations of P depressed growth but had little effect at higher concentrations of P. However, no Ca by P interaction was obtained for feed intake although a quadratic increase in intake was obtained when P was increased (Table 4) . The incidence and severity of Ca rickets decreased linearly as the concentration of Ca increased in the diet, yet remained unaffected by the concentration of P. Significant Ca by P interaction terms were found for TD score and incidence. When dietary P was increased at a low concentration of Ca, severe TD was induced, but P concentration had very little effect on the disease when dietary Ca was high (Table 5) . Analysis performed only on those Ca and P levels supplemented with 657 FTU/kg Natuphos phytase.
Surface Responses-Experiment 1 Versus Experiment 2
those from experiment 2 showed that the addition of phytase spared Ca and P (Figure 2) . However, the magnitude of the response to the enzyme depended on the concentrations of dietary Ca and P fed. The largest improvements for the variables tested were observed at low concentrations of P and high concentrations of Ca, when chicks were experiencing a severe P deficiency. Phytase addition had little effect on any of the variables measured when both Ca and P concentrations were moderate (i.e., 0.70% Ca and 0.60% TP) or high (i.e., 0.90% Ca and 0.70% TP; Figure 2 ). Phytase supplementation also had little effect on performance and bone mineralization when Ca and P concentrations were balanced (Ca and P concentrations that precluded the antagonism of each by the other), even when these concentrations were below NRC (1994) requirements (i.e., 0.50% Ca and 0.50% TP).
When comparing only those 4 diets mixed with and without phytase in experiment 2 it was evident that the effect of adding phytase on percentage tibia ash (Table  4) , P rickets score and P rickets incidence (Table 5) was greatest when added to the diet with the lowest concentration of Ca and P and diminished when the diets with progressively higher Ca and P were fed (Table 7) . However, improvements in BWG, feed intake, and FCR with the addition of phytase did not differ significantly (P > 0.05) for any of the 4 diets tested (Table 7) .
Experiment 3
Chicks fed the unbalanced diet without phytase, diet A (0.86% Ca and 0.20% NPP), had very poor BWG and FCR and a very low tibia ash percentage (Table 8 ). These chicks also had a very high incidence of severe P rickets (Table 9 ). When the same diet was fed to birds with 12,000 FTU/kg phytase, chicks optimized BWG, FCR, and percentage tibia ash, and the incidence of P rickets was substantially reduced.
Chicks fed the more balanced diet, diet B (0.47% Ca and 0.24% NPP), achieved a better BWG response compared with chicks fed diet A when neither diet contained phytase. Tibia ash values were also higher and P rickets incidence and severity lower compared with chicks on diet A. When phytase was added to this diet, the response of birds for all of the variables measured was not of the same magnitude as that observed for the chicks fed the unbalanced diet supplemented with phytase. For instance, the growth response with added phytase was 193 g for chicks fed diet A but only 54 g for those fed diet B. Feeding the balanced diet also induced a high incidence of TD, which was exacerbated by the addition of phytase (Table 9) .
DISCUSSION
Addition of an exogenous phytase enzyme to the diet of chickens is believed to liberate P from the phytate molecule, which is otherwise largely unavailable to the bird. However, chick response to added phytase clearly depends on the concentrations of P and Ca in the diet. The effects of a P-deficient diet are exacerbated when the concentration of Ca in the diet is increased (Waldroup et al., 1962 (Waldroup et al., , 1963a Nelson et al., 1965; Gardiner, 1971 ). This Rickets and tibial dyschondroplasia (TD) were scored 0, 1, 2 or 3 with 3 being the most severe (Edwards and Veltmann, 1983) . FIGURE 2. The effect of dietary phytase and levels of dietary calcium (%Ca, Y-axis) and phosphorus (%P, X-axis) on body weight gain (BWG), percentage tibia ash (%ASH), and incidence of phosphorus rickets (% P Rickets) of broiler chicks (0 to 16 d). Experiment 1: A) body weight gain (g), B) tibia ash (percentage), and C) incidence of P rickets (percentage) without added phytase. Experiment 2: D) body weight gain (g); E) tibia ash (percentage); F) incidence of P rickets (percentage) with 657 phytase units (FTU)/kg Natuphos 5000 phytase added. may be a result of removal of what little P exists in solution in the gut through the formation of a flocculent precipitate of Ca 2 PO 4 when high concentrations of Ca are present (Hurwitz and Bar, 1971; Scott et al., 1982) . Calcium has also been reported to bind to the phytate molecule making phytate P less soluble and, therefore, less accessi- Level 1: 0.38% Ca and 0.43% P, level 2: 0.47% Ca and 0.47% P, level 3: 0.68% Ca and 0.58% P, and level 4: 0.89% Ca and 0.69% P.
ble to phosphatase and phytase enzymes present in the gut (Nelson, 1967; Wise, 1983; Fisher, 1992) .
In experiment 1, chicks fed diets with high concentrations of Ca and low P (e.g., 1.04% Ca and 0.48% TP) had severely depressed BWG and tibia ash and experienced a high incidence of P rickets (Tables 2 and 3) . Under these conditions, additional P results in dramatic improvements in weight gain and tibia ash and a substantial reduction in P rickets, but it is also under these conditions that phytase efficacy is usually tested and phytase equivalency are values determined (Huyghebaert, 1995; Mitchell and Edwards, 1996a,b; Namkung and Leeson, 1999; Yan et al., 2001 Yan et al., , 2003 Shirley and Edwards, 2003; Augspurger and Baker, 2004) .
The surface responses in Figure 2 , which compare responses with ( Figure 2D , E, and F) and without ( Figure  2A , B, and C) 657 FTU/kg Natuphos 5000 phytase, demonstrate the large improvements possible when adding phytase to diets with low concentrations of P and high concentrations of Ca (NRC recommended or above). Alternatively, phytase addition in balanced diets had a limited effect on chick performance and bone quality, even when concentrations of Ca and P were very low. Diets Level 1: 0.38% Ca and 0.43% P, level 2: 0.47% Ca and 0.47% P, level 3: 0.68% Ca and 0.58% P, and level 4: 0.89% Ca and 0.69% P.
3 BWG = body weight gain; FCR = feed conversion ratio.
balanced in Ca and P probably result in less Ca 2 PO 4 and Ca phytate production in the gut, which would increase the amount of P available for absorption.
The limited effect of phytase added to diets with balanced concentrations of Ca and P is clearly demonstrated by the 4 diets fed with and without phytase in experiment 2 (Tables 4 and 5 ). Calcium and P concentrations were well balanced in all the diets. Consequently, even birds on the low Ca and low P diets (0.38% Ca and 0.43% TP, and 0.47% Ca and 0.47% TP) performed satisfactorily, and there were limited improvements in BWG, feed intake, and FCR by feeding higher concentrations of the 2 minerals or by adding phytase (Table 5 ). For the bone mineralization variables, however, greater responses were obtained with those diets with less Ca and P (Tables  5, 6 , and 7). It is important to note that although tibia ash was low and P rickets incidence and severity were high in chicks fed the low Ca and low P diets, the chicks would Values within variables and within individual treatment means and main effect means with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance.
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Values are means ± standard errors. FTU = phytase units; TP = total P. almost certainly have appeared to be more P deficient if the diets had contained more Ca. Even with the addition of phytase, several of the other diets in experiment 2, which contained higher concentrations of Ca with low concentrations of P (0.68% Ca and 0.43% TP; 0.89% Ca and 0.47% TP), resulted in birds with P rickets as severe and tibia ash concentrations as low as chicks fed 0.38% Ca and 0.43% P without phytase (Tables 4 and 5) .
The results from experiments 1 and 2 were similar to those published by Mitchell and Edwards (1996a) in which surface responses with and without phytase (600 FTU/kg Natuphos) were compared at different concentrations of Ca and P. Their conclusions were that 1) 600 FTU/kg of phytase replaced approximately 0.1% inorganic P for criteria such as body weight and incidence of P rickets and 2) the amount of dietary P that would be replaced by added phytase would depend on concentrations of phytase supplemented and concentrations of TP Values within variables and within individual treatment means and main effect means with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance.
Values are means ± standard errors. FTU = phytase units; TP = total P.
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Rickets and tibial dyschondroplasia (TD) were scored 0, 1, 2 or 3 with 3 being the most severe (Edwards and Veltmann, 1983). in the diet. Mitchell and Edwards (1996a) did not comment on the effect of dietary Ca in determining the efficacy of the enzyme, although their data show the significance of the parameter. Chicks on the high Ca and low P diet (0.99% Ca and 0.43% TP) experienced a severe P deficiency, which was eliminated by the addition of phytase: 21-d body weight improved from 396 to 524 g, 21-d bone ash increased from 28.0 to 34.0%, phytate P retention increased from 27 to 57%, and P rickets incidence was reduced from 61 to 21%. However, when Mitchell and Edwards fed a more balanced diet containing less Ca (0.63% Ca and 0.43% TP), the P deficiency was not as severe, and the magnitude of the response to added phytase was not as large; 21-d body weight improved from 533 to 544 g, 21-d bone ash increased from 30.4 to 34.1%, phytate P retention increased from 63 to 72%, and P rickets incidence was reduced from 44 to 14%. Feeding Ca concentrations below 0.63% would probably have further reduced P deficiency symptoms.
Experiment 3 confirmed how different concentrations of dietary Ca and P could alter the value of added phytase (Tables 8 and 9 ). Diet A was a high Ca and low P diet typical of those used to evaluate phytase efficacy Shirley and Edwards, 2003) . As anticipated, this diet resulted in a severe P deficiency, which was effectively eliminated by feeding phytase. Diet B contained a low concentration of TP (0.5%), but the concentration of Ca was also low (0.48%) and therefore balanced. Chicks fed this diet experienced far less severe P deficiency symptoms than those fed diet A, and, therefore, their improvement when fed phytase was less. It is important to note that when phytase was added to both diets, chicks fed diet B had poorer BWG, FCR, and percentage tibia ash compared with chicks fed diet A. This result was probably due to insufficient Ca in diet B.
Studies conducted to examine the relationship between dietary Ca and P and phytase efficacy have generally focused on the ratio between Ca and total P (Ca:TP) or Ca and NPP (Ca:NPP) rather than the absolute concentrations of these elements in the diet (Schö ner et al., 1993; Kornegay et al., 1996; Qian et al., 1996a Qian et al., ,b, 1997 Sebastian et al., 1996; Liu et al., 1998; Cabahug et al., 1999; Scott et al., 1999; Atia et al., 2000) . Such studies are difficult to interpret as broiler performance depends not only on the ratio of dietary Ca and P but also on the absolute concentrations of each mineral in the diet. For example, chicks may perform optimally or suffer from a P deficiency at the same ratio but different concentrations of Ca and P. Phytase supplemented under 2 such different circumstances will result in different responses and, therefore, phytase should have different substitution values in each case.
Examination of the data indicates that a significant portion of the literature published over the last decade concerning the efficacy of phytase at different dietary Ca and P ratios is misleading. The data has often been interpreted to imply that feeding poultry or pigs diets with wide Ca:P ratios decreases the efficacy of phytase, whereas a narrow Ca:P ratio increases the efficacy of the enzyme. Qian et al. (1996a) , after conducting an experiment with 0-to-21-d-old turkey poults, stated that "these improvements [by adding supplemental phytase] were negatively influenced by wider Ca:TP ratios." Kornegay et al. (1996) also maintained that: "The wide Ca:TP ratio (2:1). . . reduced the overall response to phytase. . . ." when discussing the results of an experiment conducted with 0-to-21-d-old broiler chicks. In a similar experiment, Sebastian et al. (1996) reported that "The results of the present study revealed that phytase supplementation, at the low concentration of dietary Ca, showed the optimum re-sponse for the growth performance (increased body weight, feed intake and feed efficiency) compared with recommended or high dietary Ca levels."
The studies of Lei et al. (1994) , Sebastian et al. (1996) , Qian et al. (1996a Qian et al. ( , 1997 , Liu et al. (1998) , and Atia et al. (2000) conclude that wide dietary Ca to P ratios reduce phytase efficacy possibly by (1) the binding of the phytate molecule by excess Ca to form an insoluble complex that is less accessible to phytase or by (2) excess Ca directly competing for the active site of the phytase enzyme. These conclusions are based on results that show broilers perform better when phytase is added to low P diets (0.20 to 0.27% NPP) with narrow Ca to P ratios (1.1:1 to 1.4:1) compared with diets with wide Ca to P ratios (1.7:1 to 2.0:1). However, in every experiment examined, the margin of improvement obtained when phytase was added was substantially greater for birds fed diets with wide Ca to P ratios. In other words, the above references do not make the distinction between the concentrations of Ca and P in which phytase results in maximum performance and the concentrations of Ca and P in which phytase is most efficient. Birds fed diets that contain a greater proportion of Ca appear to be more P deficient. The greater margin of response observed for these birds is most likely a consequence of normal Michaelis-Menton kinetics (Morgan et al., 1975; Mercer et al., 1978) . The response is greatest at the lowest concentration of substrate (P in this case) and approaches zero at higher substrate concentrations as maximum performance is reached. The poorer overall performance of birds fed phytase added to the low P and high Ca diets might have been due to insufficient P to meet requirements even when phytate P is liberated by phytase.
Not all studies showed the same variability in phytase response at different Ca and P concentrations. Schö ner et al. (1993) obtained a relatively uniform response to increasing levels of phytase for 0 to 14 d BWG and feed intake when they fed diets with low P (0.35% TP) and different concentrations of Ca (0.6, 0.75, and 0.9%). The reason chicks showed a uniform rather than the expected variable response in this experiment is unclear.
TD and Ca Rickets
Tibial dyschondroplasia and Ca rickets responded significantly to dietary Ca and P concentrations in all 3 experiments and phytase supplementation in experiments 2 and 3, as suggested by Edwards and Veltmann (1983) . However, the responses obtained without phytase in experiment 1 could not be compared with the responses with phytase in experiment 2. This was due to the very low correlation between the observed results from chicks fed diets without phytase in experiment 2 and the predicted values obtained from experiment 1 (Table 6 ). This result suggests that chicks were not scored for Ca rickets and TD consistently between experiments or for some reason chicks differed in their susceptibility between experiments, with chicks in experiment 2 being more susceptible to the diseases. A difference in disease susceptibility between experiments could have been due to differences in the quality of the birds used. Both sets of birds were Cobb × Cobb and obtained from the same commercial hatchery; however, the identity of the parent flock in each experiment was not known.
In conclusion, data from these studies indicated that no single efficacy value could be ascribed to phytase because its effects were different at each concentration of Ca and P. The more P deficient a bird was, the greater its response to supplemental phytase was. Diets that induced the greatest P deficiencies contained high concentrations of Ca and low concentrations of P. Most of the references examined failed to make the distinction between the concentrations of Ca and P that are required for maximum animal performance for a specific concentration of phytase and the concentrations of dietary Ca and P at which a specific level of phytase is most efficient (Qian et al., 1996a (Qian et al., , 1997 Sebastian et al., 1996; Liu et al., 1998; Atia et al., 2000) . These authors suggest that excess Ca is responsible for the suboptimal growth obtained when feeding low P diets supplemented by phytase, by directly or indirectly reducing the activity of the phytase enzyme. These effects may be real; however, their importance must be questioned when considering that the return in performance per unit of phytase is greatest when P is low and Ca is well in excess of that required.
Although much work has been conducted to examine the efficacy of phytase at different ratios of dietary Ca and NPP Qian et al., 1996b Qian et al., , 1997 Aksakal and Bilal, 2002) , it is the absolute concentrations of Ca and P in the diet that are most important in determining the response an animal will have to the enzyme, and therefore what the monetary value of the phytase should be.
For extrapolation to commercial conditions, phytase efficacy should be determined with concentrations of Ca and TP close to what would be fed under commercial conditions. Because the response to phytase supplementation is a nonlinear diminishing returns function (Shirley and Edwards, 2003) typical of all enzymes, phytase efficacy will not be a simple linear function of Ca and TP concentrations. The true value of phytase is a complex function of dietary Ca, total and phytate P concentrations, and the cost of Ca and P supplementation.
